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Resumen
/D GH¿FLHQWHPLQHUtD GH FLQDEULR GHMy D 6DQ
-RDTXtQ DOWDV FRQFHQWUDFLRQHV GHPHUFXULR HQ
WHUUHURVGHPLQD±PJNJ1XPHURVDV
PLQDVFRQWULEX\HURQDODGLVSHUVLyQGHPHUFXULR
HQVXHORVDJUtFRODV±PJNJ\VXHORV
IRUHVWDOHV±PJNJ/RVVHGLPHQWRV
VRQXQPHGLRGHWUDQVSRUWHQDWXUDOGHOPHUFXULR
TXHRFDVLRQDQ VXGLVSHUVLyQ HVSHFLDOPHQWHHQ
iUHDVFHUFDQDVD ODVERFDPLQDV±PJ
NJ/DFHUFDQtDGH ORVFXOWLYRVGHPDt]D ODV
PLQDV IDYRUHFH OD DFXPXODFLyQ GHPHUFXULR HQ
VXV GLVWLQWDV HVWUXFWXUDV FRPR OD UDt] HO WDOOR
ODKRMD\HOJUDQR±PJNJTXHVH
UHODFLRQDQFRQODDFXPXODFLyQ\YRODWLOL]DFLyQGH
PHUFXULRHQVXHORV(OYDSRUGHPHUFXULRSUHVHQWH
HQ ODSREODFLyQSXHGH LQGLFDUXQDYRODWLOL]DFLyQ
FRQVWDQWHGHORVWHUUHURV\VXHORV±QJ
P /RV QLYHOHV GHPHUFXULR HQFRQWUDGRV HQ
VXHORVHQORVJUDQRVGHPDt]\HQHODLUHUHVXOWDURQ
VXSHULRUHV D ORV HVWiQGDUHV UHSRUWDGRV SRU OD
1RUPD2¿FLDO0H[LFDQD\OD2UJDQL]DFLyQ0XQGLDO
GHOD6DOXG(OPHUFXULRHQHODJXDGHOOXYLDVH
GHEHSULQFLSDOPHQWHDODVSDUWtFXODVDWPRVIpULFDV
VXVSHQGLGDV\GHSRVLWDGDVPiVWDUGHHQODVX
SHU¿FLH±PJO(QHODJXDSRWDEOHVH
HQFRQWUy GLVROXFLyQ GHPHUFXULR  ±  QJ
O VLHQGR ODV FRQFHQWUDFLRQHVPHQRUHV D ODV
HVWDEOHFLGDVSRUOD120<206/DFRQWDPLQDFLyQ
H[LVWHQWHHQODUHJLyQGH6DQ-RDTXtQQROOHJDD
ORVQLYHOHVGHORVPi[LPRVSURGXFWRUHVGH+JHQ
HOPXQGR$OPDGpQ(VSDxDH,GULMD(VORYHQLD
VLQHPEDUJR VHDVHPHMDD ODKDOODGDHQRWURV
LPSRUWDQWHVGLVWULWRVGH VHJXQGRQLYHOPXQGLDO
FRPR *XL]KRX &KLQD /D SREODFLyQ GH 6DQ
-RDTXtQ\VXDPELHQWHSUHVHQWDQXQDH[SRVLFLyQ
FRQVWDQWHD ODFRQWDPLQDFLyQGHOPHUFXULRSRU
ORTXHHVQHFHVDULRXQPRQLWRUHRDODUJRSOD]R
SDUDGHWHUPLQDUVXVDOFDQFHVHQHVSHFLDOSDUD
HOKRPEUH
3DODEUDV FODYH PHUFXULR VXHORV VHGLPHQWRV
WHUUHURV GH PLQD PDt] DJXD SRWDEOH OOXYLD
DLUH6DQ-RDTXtQ0p[LFR
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Introduction
0HUFXU\ LVDQHOHPHQWWKDW LVWR[LFIRUKXPDQV
DQGZKLFKFRXOGEHWKHFDXVHRIFKURQLFGLVHDVHV
LQ WKH SRSXODWLRQ RI 6DQ -RDTXtQ 4XHUpWDUR
0H[LFR([SRVXUHWRPHUFXU\HYHQDWORZOHYHOV
LV UHODWHG WR DFXWH DQG FKURQLF LQWR[LFDWLRQ
UHVXOWLQJ LQ D VHULHV RI GLVHDVHV WKDW LQFOXGH
QHXURORJLFDO KHDUW DWWDFNV FHQWUDO QHUYRXV
V\VWHP GDPDJH NLGQH\ LQMXULHV DQG DXWLVP
/L et al  %RVH2¶5HLOO\ et al  ,W
DOVRDIIHFWVWKHELRWDDQGWKHUHIRUHDIIHFWVWKH
WURSKLFFKDLQ81(3,QWKHVWXG\UHJLRQ
WKHUHH[LVWYHU\KLJKPHUFXU\OHYHOVEH\RQGDQ\
VWDQGDUGLQERWKKXPDQVDQGWKHHQYLURQPHQW
HJ LQ ERQHV RI SUH+LVSDQLF SRSXODWLRQ 
SSPLQDJULFXOWXUDOVRLOVSSPLQPLQLQJ
WDLOLQJVSSPLQGULQNLQJZDWHUSSW
DQG LQ WKHDLU QJP +HUQiQGH]6LOYD
et al
,Q WKH HQYLURQPHQW PHUFXU\ LV IRXQG
QDWXUDOO\DVFLQQDEDU+J6EXWKXPDQDFWLYLWLHV
VXFK DV PLQLQJ LQFUHDVHV LWV SUHVHQFH ZLWKLQ
WKHDWPRVSKHULFWHUUHVWULDOELRWLFDODQGDTXDWLF
V\VWHPV0DVRQ6HOLQ7KHHIIHFW
RI FLQQDEDU PLQLQJ UHSUHVHQWV DQ HQYLURQPHQW
FRQFHUQ VLQFH DEDQGRQHG DQG HQULFKHG RSHQ
DLU PLQLQJ WDLOLQJV DUH FRQVLGHUHG SHUPDQHQW
VRXUFHV RI DWPRVSKHULF PHUFXU\ HPLVVLRQV
7KHPLQHGUDLQDJHFRXOGFRQWDLQKLJK OHYHOVRI
PHUFXU\WKDWDIIHFWWKHZDWHUDQGELRWDTXDOLW\
WKHUHIRUHFLQQDEDUWDLOLQJVLQFUHDVHWKHPHUFXU\
FRQWHQW RI WKH VRLOV DQG VHGLPHQWV RI WKH
K\GURJUDSKLFZDWHUVKHG5\WXED.RFPDQ
DQG+RUYDW
7KHPLQLQJDFWLYLW\KDVEHHQGHYHORSHGVLQFH
WKHSUH+LVSDQLFSHULRGEHFDXVHWKHLULQKDELWDQWV
XVHGFLQQDEDUDVFRORUDQWDQG LQWKHLUUHOLJLRXV
FHUHPRQLHV$GGLWLRQDOO\WKLVUHJLRQZDVDYHU\
LPSRUWDQWPHUFXU\SURGXFWLRQ ]RQH LQ WKH¶V
DQG¶VRIWKHODVWFHQWXU\0H[LFRRFFXSLHGWKH
WKSODFHLQSURGXFWLRQZRUOGZLGH/DQJHQVFKHLGW
SUHVHQWO\PHUFXU\PLQLQJLVIRUELGGHQ
7KURXJK GLYHUVH SURFHVVHV VXFK DV URFN
ZHDWKHULQJ HURVLRQ OL[LYLDWLRQ R[LGDWLRQ DQG
WUDQVSRUWDWLRQPHUFXU\PD\EHFRPHHVWDEOLVKHG
LQWKHHQYLURQPHQWRUEHWUDQVSRUWHGDFURVVJUHDW
GLVWDQFHVEHFRPLQJD OHJDF\DVVRFLDWHGWRVRLO
VHGLPHQWVDQGSODQWV(YHQDIWHUPDQ\\HDUVRI
PLQLQJLQDFWLYLW\KLJKDPRXQWVRIPHUFXU\FDQEH
IRXQGLQWKHHQYLURQPHQW3DUVRQVDQG3HUFLYDO
 *DUFtD6iQFKH] et al  2Q WKH
RWKHUKDQGPDQFDQEHWKHUHFHSWRURIPHUFXU\
WKURXJKLQKDODWLRQRIDLUSDUWLFOHVGLUHFWFRQWDFW
RU LQJHVWLRQ WKURXJK WKH DFFXPXODWLRQ RI WKLV
HOHPHQWLQWKHWURSK\FFKDLQ7KHVHPHFKDQLVPV
KDYHRSHUDWHGLQSDVWDQGSUHVHQWWLPHV:DVVHU
PDQet al3\DWWet al
7KHREMHFWLYHRIWKLVZRUNZDVWRHVWDEOLVKWKH
LPSDFWFDXVHGE\FLQQDEDUPLQLQJLQWHUUHVWULDO
V\VWHPV DLUVRLOSODQWZDWHU DW WKH PLQLQJ
GLVWULFW RI 6DQ -RDTXtQ DQG FRPSDUH WKHVH
YDOXHV ZLWK FRQFHQWUDWLRQV UHSRUWHG LQ RWKHU
KLJKO\FRQWDPLQDWHGSODFHV
Materials and Methods
Study area
7KHPLQLQJUHJLRQOLHVLQWKHVRXWKRIWKH6LHUUD
*RUGD RI 4XHUpWDUR 0H[LFR ,W FRPSULVHV 
NPDQG LV ORFDWHG EHWZHHQ ¶ DQG ¶
:ORQJLWXGHDQG¶DQG¶1 ODWLWXGH
Abstract
'H¿FLHQWPDQDJHPHQW RI FLQQDEDUPLQLQJ OHIW
WKH6DQ-RDTXtQUHJLRQZLWKKLJKFRQFHQWUDWLRQV
RIPHUFXU\ LQ LWV VRLOV  ± PJ NJ
1XPHURXV FLQQDEDUPLQHV KDYH FRQWULEXWHG WR
WKHGLVSHUVLRQRIPHUFXU\LQWRDJULFXOWXUDO±
PJNJDQGIRUHVW±PJNJVRLOV
6HGLPHQWVDUHDQDWXUDOPHDQVRIWUDQVSRUWDWLRQ
IRUPHUFXU\FDXVLQJLWVVSUHDGLQJHVSHFLDOO\LQ
DUHDVQHDUPLQHHQWUDQFHV±PJNJ
7KH QHDUQHVV RIPDL]H FURSV WRPLQHV IDYRUV
PHUFXU\ DFFXPXODWLRQ LQ WKH GLIIHUHQW SODQW
VWUXFWXUHV VXFK DV URRWV VWHPV OHDYHV DQG
JUDLQ±PJNJWKHVHEHLQJUHODWHG
WRPHUFXU\ YRODWLOL]DWLRQ DQG DFFXPXODWLRQ LQ
VRLOV0HUFXU\YDSRUSUHVHQW LQWKHVHWWOHPHQWV
FRXOG LQGLFDWH D FRQVWDQW YRODWLOL]DWLRQ IURP
ODQGVDQGVRLOV±QJP7KHPHUFXU\
OHYHOVIRXQGLQWKHVRLOVLQPDL]HJUDLQDQGLQWKH
DLUUHVXOWHGJUHDWHUWKDQWKHVWDQGDUGVUHSRUWHG
E\WKH2I¿FLDO0H[LFDQ1RUP120DQGWKH:RUOG
+HDOWK2UJDQL]DWLRQ:+20HUFXU\LQUDLQZDWHU
LV GXHPDLQO\ WR WKH SUHVHQFH RI VXVSHQGHG
DWPRVSKHULF SDUWLFOHV ODWHU GHSRVLWHG RQ WKH
VXUIDFH  ± PJ O0HUFXU\ GLVVROXWLRQ
ZDV IRXQG LQ WKH GULQNLQJZDWHU  ±  QJ
OZLWKFRQFHQWUDWLRQVEHORZWKRVHHVWDEOLVKHG
E\ WKH120 DQG WKH:+2 7KH FRQWDPLQDWLRQ
H[LVWLQJ LQ WKH 6DQ -RDTXtQ UHJLRQ GRHV QRW
UHDFKWKHOHYHOVRIWKHZRUOG¶VJUHDWHVWPHUFXU\
SURGXFHUV$OPDGHQ6SDLQDQG,GULMD6ORYHQLD
,WLVKRZHYHUOLNHWKDWIRXQGLQRWKHULPSRUWDQW
VHFRQGGHJUHHZRUOGSURGXFHUVVXFKDV*XL]KRX
&KLQD7KHSRSXODWLRQRI6DQ-RDTXtQDVZHOO
DV LWV VXUURXQGLQJ HQYLURQPHQW DUH FRQVWDQWO\
H[SRVHGWRPHUFXU\FRQWDPLQDWLRQWKXVPDNLQJ
DORQJWHUPPRQLWRULQJQHFHVVDU\WRGHWHUPLQH
LWVHIIHFWVHVSHFLDOO\WRSHRSOH
.H\ ZRUGV PHUFXU\ VRLOV VHGLPHQWV PLQLQJ
WDLOLQJV PDL]H GULQNLQJ ZDWHU UDLQ DLU 6DQ
-RDTXtQ0H[LFR
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JANUARY - MARCH 2013      
7KHGHOLPLWDWLRQRIWKHVWXG\DUHDZDVGRQHE\
FULWHULRQ RI WKH K\GURORJLFDO ZDWHUVKHG )LJXUH
 WKH FKDUDFWHULVWLFV RI JHRORJ\ UHOLHI DQG
HGDSKRORJ\ FOLPDWH DQG YHJHWDWLRQ ZHUH DOVR
FRQVLGHUHG+HUHLVDUHIHUHQFHIUDPHZRUNIRUWKH
VHOHFWLRQRIVDPSOLQJVLWHV)LJXUH\)LJXUH
Hg in mine tailings, soils, and sediments
(DFKVDPSOLQJVLWHRIVRLOVDQGWDLOLQJVUHSUHVHQWV
D VDPSOH PDGH XS RI  VXEVDPSOHV WDNHQ DW
GLVWDQFHVRIPHDFKDQGDGHSWKRIFP
6HGLPHQW VDPSOHV ZHUH FROOHFWHG IURP  P
VHFWLRQVDORQJVRPHVWUHDPVULYHUVDQGVPDOO
DOOXYLDOWHUUDFHV7DLOLQJVZHUHVDPSOHGIURPVNDUQ
DQGK\GURWKHUPDOW\SHPLQHV6RLOVDPSOLQJZDV
GRQHLQIXQFWLRQRIWKHWZRSUHGRPLQDQWVRLOXVHV
LQWKHUHJLRQWKHIRUHVWDUHDDQGDJULFXOWXUH$
WRWDORIVDPSOHVZHUHWDNHQIURPDJULFXOWXUDO
VRLOVIURPIRUHVWVRLOVIURPWDLOLQJVDQG
 IURP VHGLPHQWV $OO WKH VDPSOHV ZHUH DLU
GULHGDWURRPWHPSHUDWXUHDQGVLIWHGLQD1R
VLHYH PP 3DUW RI WKH VDPSOH ZDV JURXQG
GRZQZLWKDQDJDWHPRUWDUWRREWDLQD¿QHDQG
KRPRJHQHRXVVDPSOH)URPHDFKVDPSOHJ
ZDVZHLJKHGLQWULSOLFDWHDQGSODFHGLQDGLUHFW
PHDVXUHDGYDQFHGPHUFXU\DQDO\]HU$0$
ZKLFKXVHVDQLQFLQHUDWLRQWHFKQLTXHJHQHUDWLQJ
PHUFXU\YDSRU,WLVDQDWRPLFDEVRUSWLRQVSHF
WURPHWHU WR GHWHUPLQH PHUFXU\ LQ VROLG RU
OLTXLGVDPSOHVZLWKRXWDQ\SUHYLRXV WUHDWPHQW
&DOLEUDWLRQ RI WKH HTXLSPHQW ZDV GRQH ZLWK
VWDQGDUGV IURP WKH0267$5+XQJDULDQ VWUHDP
VHGLPHQWVWDQGDUG6ORYDNLDQUHIHUHQFHPDWHULDO
,6(DQG:(3$/PRQLWRUVLPSOH,6(
Hg in maize plants
/LNHLQWKHUHVWRIWKHFRXQWU\WKH6DQ-RDTXtQ
SRSXODWLRQ FRQVXPHVPDL]H DV LWV VWDSOH IRRG
JURZQLQWKHLURZQVHDVRQDOUDLQIHGSORWVVRPH
RI WKHP ORFDWHG FORVH WR WKH PLQHV 6DPSOLQJ
ZDVGRQHLQWKHKDUYHVWWLPHLQWKUHHGLIIHUHQW
SHULRGV 2FWREHU  DQG 1RYHPEHU 
Figure 1.0LFURZDWHUVKHGV
LQ WKH 6DQ -RDTXtQ UHJLRQ
$]RJXHV VWUHDP IURP LWV
RULJLQ$WRLWVULYHUPRXWK
ZLWKWKH([WyUD]ULYHU%
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DQG  0DL]H SODQWV ZHUH FROOHFWHG IURP
DJULFXOWXUDO ODQGV DQG VHSDUDWHG E\ VWUXFWXUHV
LQWR URRW VWDON OHDI DQG JUDLQ REWDLQLQJ 
VDPSOHV IURP URRWV  IURP VWHPV  IURP
OHDYHVDQGIURPJUDLQV(DFKVWUXFWXUHZDV
ZDVKHGZLWK+12GLOXWHG WR ULQVHGZLWKGHLRQL]HGZDWHUDQGGULHGDWURRPWHPSHUDWXUH
&7KHSODQWPDWHULDOZDVJURXQGDQG
VLIWHGXQWLODFKLHYLQJSDUWLFOHVL]HXQGHUPP
7KHQJZDVZHLJKHGDQGPOFRQFHQWUDWHG
+12 ZDV DGGHG IRU GLJHVWLRQ WKURXJK D0$5635(66 PLFURZDYH RYHQ 6RPH GURSV RI
FRQFHQWUDWHG +&O ZHUH DGGHG WR WKH GLJHVWLRQ
DQG WDNHQ WR YROXPH WR POZLWK  6
FPGHLRQL]HGZDWHU7KH\ZHUHNHSWDW&XQWLO
PHDVXUHPHQW7RWDOPHUFXU\TXDQWL¿FDWLRQZDV
GRQH WKURXJK LQGXFWLRQ FRXSOHG SODVPD PDVV
VSHFWURPHWU\ ,&306 HTXLSPHQW 7KHUPRV
6HULHV;
Hg in rainwater
$W WKH PLFURZDWHUVKHG RI $JXD GH 9HQDGR
$JXDGH/HRQDQG3RQGHMKHRIWKHVWXG\]RQH
UDLQZDWHU FROOHFWRUV ZHUH LQVWDOOHG IRU WRWDO
PHUFXU\ TXDQWL¿FDWLRQ ,QIRUPDWLRQ ZDV DOVR
FROOHFWHGIURPDPHWHRURORJLFDOVWDWLRQLQRUGHU
WR GHWHUPLQH WKH SUHGRPLQDQFH RI WKH ZLQG
GLUHFWLRQV 6DPSOH FROOHFWLRQ RI UDLQZDWHU ZDV
FRPSRXQG HDFK VDPSOH LQFOXGHG ZDWHU IURP
DOOWKHHYHQWVLQDPRQWK7ZHQW\IRXUVDPSOHV
ZHUH FROOHFWHG IURP 'HFHPEHU  WR -XQH
 7KH UDLQZDWHU VDPSOHV ZHUH ¿OWHUHG
WKURXJK D SRO\FDUERQDWH PHPEUDQH ZLWK 
P SRUHV XVLQJ D PDJQHWLF ¿OWUDWLRQ V\VWHP
*HOPDQ PP 7KH ¿OWUDWH ZDV DFLGL¿HG WR
S+    ZLWK +12 1 DQG PO IURPWKH VDPSOH ZDV WUDQVIHUUHG WR KLJK GHQVLW\
SRO\HWK\OHQH ERWWOHV WKXV WKH VROXEOH IUDFWLRQ
Figure 2.6DPSOLQJVLWHVIRUPLQHWDLOLQJVVHGLPHQWVDQGPDL]HLQWKH6DQ-RDTXtQUHJLRQ7KHV\PEROVL]HLQPLQH
WDLOLQJVDQGVHGLPHQWVLQGLFDWHVWKHFRQFHQWUDWLRQRIPHUFXU\
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LQGHFRQWDPLQDWHGQDOJHQHERWWOHV3UHVHUYDWLRQ
RI WKH VDPSOHV ZDV GRQH ZLWK ,1675$ QLWULF
DFLG DQG WKH\ ZHUH UHIULJHUDWHG DW & XQWLO
PHDVXUHPHQW7RWDOPHUFXU\TXDQWL¿FDWLRQZDV
GRQH WKURXJK LQGXFWLRQ FRXSOHG SODVPD PDVV
VSHFWURPHWU\ ,&306 HTXLSPHQW 7KHUPR
6HULHV;
Hg in air
7KH DWPRVSKHULF PHUFXU\ FRQFHQWUDWLRQV HOH
PHQWDOPHUFXU\LQYDSRUSKDVHZHUHPHDVXUHG
LQ WZR VDPSOLQJ VLWHV WKH ¿UVW RQH ZDV HVWD
EOLVKHG ZLWKLQ WKH 6DQ -RDTXtQ FRPPXQLW\
WDNLQJVDPSOHVFRQWLQXRXVO\IRUGD\V0DUFK
ZKLOHWKHVHFRQGZDVORFDWHGDWWKH$JXD
GH9HQDGRDUHDZLWKGD\VVWUDLJKWPHDVXULQJ
$SULO0D\$7(.5$1$PRGHOHTXLS
PHQW IDFLOLWDWHG E\ &(1,&$ ,1( ZDV XVHG WR
GHWHUPLQHXOWUDWUDFHPHUFXU\YDSRU
ZDVREWDLQHG7KH LQVROXEOHIUDFWLRQ LVWKHSDUW
WKDWUHPDLQHGRQWKH¿OWHUVXVHGIRUWKH¿OWUDWLRQ
SURFHVV RI WKH VROXEOH IUDFWLRQ 7KHVH ¿OWHUV
ZHUH VXEMHFWHG WR DFLG GLJHVWLRQ XVLQJ  PO
+12 0 ZLWK D GLJHVWLRQ WLPH RI PLQXWHVLQD0$5635(66PLFURZDYHRYHQ7KHGLJHVWHG
VDPSOHV ZHUH ¿OWHUHG DQG WDNHQ WR YROXPH WR
 PO ZLWK GHLRQL]HG ZDWHU REWDLQLQJ D ¿QDO
+12 DFLGLW\ RI 1 %RWK IUDFWLRQV VROXEOHDQGLQVROXEOHZHUHUHIULJHUDWHGDQGNHSWDW&
XQWLOTXDQWL¿FDWLRQ7RWDOPHUFXU\FRQFHQWUDWLRQ
ZDV GHWHUPLQHG WKURXJK LQGXFWLYHO\ FRXSOHG
SODVPDRSWLFDOHPLVVLRQVSHFWURPHWU\,&32(6
HTXLSPHQW(6$[LDO
+JLQGULQNLQJZDWHU
'ULQNLQJ ZDWHU ZDV VDPSOHG IURP QLQH
VHWWOHPHQWV LQ WKH 6DQ -RDTXtQ PXQLFLSDOLW\
GXULQJ0DUFKDQG1RYHPEHUREWDLQLQJD
WRWDORIVDPSOHV7KHVDPSOHVZHUHFROOHFWHG
Figure 3.6DPSOLQJVLWHVIRUDLUUDLQZDWHUGULQNLQJZDWHUDQGVRLOVLQWKH6DQ-RDTXtQUHJLRQ7KHV\PEROVL]HLQVRLOV
LQGLFDWHVWKHFRQFHQWUDWLRQRIPHUFXU\
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Statistical analysis
'HVFULSWLYHVWDWLVWLFDODQDO\VHV IRU WRWDOPHUFX
U\ FRQWHQW LQ WKH GDWD EDVH FRPLQJ IURP
PLQLQJ WDLOLQJV VRLOV VHGLPHQWVPDL]H SODQWV
UDLQZDWHU DQG DLU VDPSOHV ZHUH WDNHQ LQWR
FRQVLGHUDWLRQ7KLVDQDO\VLVDOORZVWRGHWHUPLQH
WKH H[WHQW RI FRQWDPLQDWLRQ E\PHUFXU\ZLWKLQ
HDFK HQYLURQPHQWDO FRPSRQHQW DV ZHOO DV
WKH GHWHFWLRQ RI LWV PD[LPXP DQG PLQLPXP
WKUHVKROGV )RU D EHWWHU XQGHUVWDQGLQJ RI
PHUFXU\ GLVWULEXWLRQ LQ HDFK FRPSRQHQW ER[
DQG ZKLVNHUV GLDJUDPV ZHUH XVHG WKURXJK
67$7,67,&$9HUVLRQVRIWZDUH
Results and discussion
0HUFXU\ SUHVHQWV FRQVWDQW ÀRZ LQWHUDFWLRQV
ZLWKLQWKHGLIIHUHQWHQYLURQPHQWDOFRPSDUWPHQWV
DWPRVSKHULF WHUUHVWULDO DTXDWLF ELRWLF FDX
VLQJ LWVPRELOL]DWLRQ DVSHFW WKDW KDV LQÀXHQFH
RQWKHTXDOLW\RIWKHHQYLURQPHQWDQGKHDOWKRI
KXPDQVZKLOHWKHWR[LFJUDGHLVGLUHFWO\UHODWHG
WRWKHPHUFXU\FKHPLFDOSKDVHWKDW LVIRXQGLQ
HDFKFRPSDUWPHQW
7RWDO PHUFXU\ FRQWHQWV LQ WKH GLIIHUHQW
FRPSDUWPHQWV RI WKH 6DQ -RDTXtQ UHJLRQ DUH
VKRZQ LQ )LJXUH  7KLV LPDJH VKRZV WKH
LQVHUWLRQ G\QDPLFV RI PHUFXU\ LQ WKH GLIIHUHQW
FRPSRQHQWV 0HUFXU\ FRQFHQWUDWLRQV LQ HDFK
FRPSRQHQW FKDQJH VXEVWDQWLDOO\ DQG LW FDQ EH
VHHQWKDW WKHJUHDWHVWFRQWDPLQDWLRQVRXUFHRI
PHUFXU\LVIRXQGLQWKHRSHQDLUPLQLQJWDLOLQJV
DGGLQJDGH¿FLHQWSURFHVVLQJRIFLQQDEDU7KHVH
WDLOLQJV DUH H[SRVHG WR FOLPDWLF FRQGLWLRQV DV
ZHOO DV DLU DQG ZDWHU HURVLRQ ZKLFK WUDQVSRUW
PHUFXU\ SDUWLFOHV ERWK WR WKH DWPRVSKHULF DQG
WHUUHVWULDOODQGVFDSH7KLVKDVUHSHUFXVVLRQVRQ
WKH FRQFHQWUDWLRQ OHYHOV RIPHUFXU\ SUHVHQW LQ
DLU UDLQZDWHU IRUHVW DQG DJULFXOWXUDO VRLOV DV
ZHOODVDQGLQVHGLPHQWV
7KHSUHVHQFHRIFURSVHVSHFLDOO\PDL]HQHDU
WKHHQWUDQFHRIWKHPLQHVLVYHU\FRPPRQ7KXV
WKHSODQWVDUHH[SRVHGWRPHUFXU\DFFXPXODWLQJ
LWLQWKHGLIIHUHQWVWUXFWXUHVURRWVVWHPVOHDYHV
DQGJUDLQV0HUFXU\LQGULQNLQJZDWHUKDVDGLUHFW
OLQNWRKXPDQEHLQJVDQGFRQVWDQWFRQVXPSWLRQ
FRXOG KDYH VRPH UHSHUFXVVLRQ LQ WKH ORQJ WHUP
:+2,3&6  &DEUHUD9LTXHet al 
,QWKLVSDSHUWKHFDXVHVRIPHUFXU\GLVWULEXWLRQ
DUHH[DPLQHGDQGWKHREWDLQHGFRQFHQWUDWLRQVDUH
FRPSDUHG ZLWK RWKHU UHIHUHQFHV FRQVLGHUHG DV
VLWHVZLWKKLJKPHUFXU\FRQWDPLQDWLRQ7DEOH
Total Hg in mining tailings
+\GURWKHUPDO WDLOLQJV VKRZ WRWDO PHUFXU\
FRQWHQWVUDQJLQJIURPWRPJNJ,WFDQ
EHVHHQ WKH UDQJH LVTXLWHH[WHQGHGKRZHYHU
PRVWFRQFHQWUDWLRQVDUHVRPHZKHUHDURXQGWKH
PHGLDQPJNJEHLQJWKHXSSHUOLPLWDQ
H[WUHPH YDOXH LQ WKH UHJLRQ $V H[SHFWHG WKH
Figure 4.'LVWULEXWLRQRIWRWDOPHUFXU\FRQWHQWLQWKHGLIIHUHQWFRPSDUWPHQWVRIWKH6DQ-RDTXtQUHJLRQ
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VNDUQ W\SH WDLOLQJV SUHVHQWHG D ORZHUPHUFXU\
FRQFHQWUDWLRQWKDQWKHK\GURWHUPDOVVLQFHWKH\
SUHVHQWFRQFHQWUDWLRQVIURPWRPJNJ
7KURXJKWLPHWKHWDLOLQJVJHWPL[HGZLWKWKHVRLO
WKHVHNLQGVRIPDWHULDOVVKRZHGKLJKFRQWHQWRI
WRWDO PHUFXU\ UDQJLQJ IURP  WR  PJ
NJ7DEOH7KHVHDPRXQWVRIPHUFXU\FRXOG
EH GXH WR LQHI¿FLHQW DQG LQFRPSOHWH FLQQDEDU
SURFHVVLQJ SRVVLEOH UHDEVRUSWLRQ RI PHUFXU\
DQG GLUHFW H[SRVXUH RI WKH FKLPQH\ GXULQJ
VHYHUDO \HDUV %LHVWHUet al 1DYDUURet 
al
1HYHUWKHOHVV FRQVLGHULQJ WKH 120 
ZLWKUHJDUGWRFRQFHQWUDWLRQOHYHOVWREHFRQVL
GHUHG DV FRQWDPLQDWHG VRLO !  PJ NJ
LW LV REVHUYHG WKDW RI WKH WDLOLQJ VDPSOHV
DQDO\]HGVKRZHGPHUFXU\FRQFHQWUDWLRQVJUHD
WHU WKDQ WKH OLPLW DOORZHG IRU LQGXVWULDO XVH
PJ NJ )LJXUH 0HUFXU\ FRQFHQWUDWLRQ
LQ WDLOLQJV JLYHV WKH 6DQ -RDTXtQ UHJLRQ D
KLJK OHYHO RI FRQWDPLQDWLRQ 7KHUH DUH D JUHDW
QXPEHU RI RSHQ DLU PLQLQJ WDLOLQJV ORFDWHG LQ
WKHVXUURXQGLQJDUHDVRIWKHDEDQGRQHGPLQHV
EHFRPLQJ D VHULRXV ULVN WR SHRSOH DQG WKH
HQYLURQPHQW
7KH KLJKHVW WRWDO PHUFXU\ FRQFHQWUDWLRQ
PJNJZDVVLPLODUWRWKDWUHSRUWHGE\
4LX et al   LQ WKH PLQLQJ GLVWULFW
RI *XL]KRX &KLQD  PJ NJ EXW ORZHU
WKDQWKDWRI$OPDGHQ6SDLQPJNJ
FRQVLGHUHG DV WKH SODFHPRVW FRQWDPLQDWHGE\
PHUFXU\RQ(DUWK+LJXHUDVet al
Total Hg in soils and sediments
7RWDOPHUFXU\FRQFHQWUDWLRQLQDJULFXOWXUDOVRLOV
LV GLVWULEXWHG LQ D ZLGH UDQJH JRLQJ IURP 
WR  PJ NJ 7DEOH  ZKHUH WKH KLJKHVW
UHJLVWHUHGYDOXHFOHDUO\LQGLFDWHVPHUFXU\LQFRU
SRUDWLRQLQWRWKHODQGVFDSHVRLOV$FFRUGLQJWRWKH
120RIWKHVRLOVDPSOHVDQDO\]HG
VKRZHGPHUFXU\FRQFHQWUDWLRQVJUHDWHUWKDQWKH
PD[LPXPOLPLWHVWDEOLVKHG IRUDJULFXOWXUDOXVH
PJNJ)LJXUH
7KH UHVXOWV VKRZ WKDW WKH YDULDWLRQV LQ
PHUFXU\ FRQWHQW LQ IRUHVW VRLOV DUH ORZHU WKDQ
WKHPD[LPXPUDQJHVIRXQGLQDJULFXOWXUDOVRLOV
7KLVFRXOGEHGXHWRWKHVRLOSURFHVVHVLQYROYHG
ZKHWKHUIDYRULQJPHUFXU\DGVRUSWLRQRUKLQGHULQJ
LWVYRODWLOL]DWLRQDQGRUWUDQVIRUPDWLRQ0HUFXU\
DFFXPXODWLRQ LQ IRUHVWVRLOV LVDWWULEXWHG WR WKH
FRQWHQWRIRUJDQLFPDWWHUSUHVHQWLQWKHRUJDQLF
KRUL]RQ/DFHUGDet al(WWOHUet al
ZLWKDKLJKHUFRQWHQWRIRUJDQLFPDWWHUWKHVRLO
ZLOOKDYHDKLJKHUFDSDELOLW\WRUHWDLQPHUFXU\
Figure 5. 'LDJUDP RI PHUFXU\ FRQWHQW LQ
PLQHWDLOLQJVDJULFXOWXUDOVRLOVIRUHVWVRLOV
DQGVHGLPHQWV
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7KH ODQG UHOLHIRI WKHVWXG\ UHJLRQFRXOGEH
DQ LPSRUWDQW IDFWRU LQ PHUFXU\ GLVWULEXWLRQ
JLYHQWKDWWKHIRUHVWDUHDVDUHLQDVORSH!
ZKLFKPDNHVWKHPPRUHVXVFHSWLEOHWRHURVLRQ
SURFHVVHV ZKLOH DJULFXOWXUDO DUHDV DUH QH[W WR
IRUHVWDUHDVDQGWKHUHIRUHDUHUHFHSWRUVRIWKH
PHUFXU\HURGHGE\VXUIDFHUXQRII$OPHLGDet al
PHQWLRQV WKDWK\GULF HURVLRQ IDYRUV UH
PRELOL]DWLRQRIPHUFXU\LQWKHVXUIDFHVRLOOD\HU
0RUHRYHU +HUQiQGH]6LOYD et al 
PHQWLRQWKDWSUH+LVSDQLFDJULFXOWXUHDQGPLQLQJ
FRXOG KDYH EHHQ DVVRFLDWHG LQ WKHLU HYHU\GD\
DFWLYLWLHV LQÀXHQFLQJ PHUFXU\ LQVHUWLRQ LQWR
DJULFXOWXUDO VRLOV QHDU WKH PLQHV 7KH VRLOV
SUHVHQWHGORZHUPHUFXU\FRQWHQWVWKDQWKRVHRI
,GULMD 6ORYHQLD PJ NJ *XL]KRX
&KLQDPJNJDQG$OPDGHQ6SDLQ
 ± PJ NJ *QDPXVß et al 
+LJXHUDVet al4LXet al
Component Location Total Hg References
0LQHZDVWH
PLQHWDLOLQJV
  $OPDGHQ6SDLQ PJNJ +LJXHUDVet al
  ,GULMD6ORYHQLD ±PJNJ %LHVWHUet al
  :XFKXDQ*XL]KRX&KLQD ±PJNJ 4LXet al
  6DQ-RDTXtQ4UR0H[LFR ±PJNJ 7KLVVWXG\
   
6RLOV
  $OPDGHQ6SDLQ ±PJNJ +LJXHUDVet al
  ,GULMD6ORYHQLD ±PJNJ *QDPXVßet al
  :XFKXDQ*XL]KRX&KLQD ±PJNJ 4LXet al
  6DQ-RDTXtQ4UR0H[LFR ±PJNJ 7KLVVWXG\
 
6WUHDPVHGLPHQWV
  $OPDGHQ6SDLQ ±PJNJ +LJXHUDVet al
  ,GULMD6ORYHQLD ±PJNJ *RVDUet al
  :DQVKDQ*XL]KRX&KLQD ±PJNJ /LQet al
  6DQ-RDTXtQ4UR0H[LFR ±PJNJ 7KLVVWXG\
   
0DL]H  
  7RQJUHQ*XL]KRX&KLQD PJNJJUDLQ +Het al
  7RQJUHQ*XL]KRX&KLQD PJNJOHDI +Het al
  :XFKXDQ*XL]KRX&KLQD ±PJNJ 4LXet al
  6DQ-RDTXtQ4UR0H[LFR ±PJNJ 7KLVVWXG\
5DLQZDWHU  
  ,GULMD6ORYHQLD ±QJO .RFPDQet al
  :XMLDQJ*XL]KRX&KLQD ±QJO *XRet al
  6DQ-RDTXtQ4UR0H[LFR ±PJO 7KLVVWXG\
   
$LU
  $OPDGHQ6SDLQ QJP +LJXHUDVet al
  ,GULMD6ORYHQLD ±QJP .RFPDQet al
  :DQVKDQ*XL]KRX&KLQD ±QJP :DQJet al
  6DQ-RDTXtQ4UR0H[LFR ±QJP 7KLVVWXG\PHDVXUHVLQ 
   WKHFRPPXQLW\
6WUHDPZDWHU  
  $OPDGHQ6SDLQ QJO %HU]DV1HYDGRet al 
    
  ,GULMD6ORYHQLD ±QJO +RUYDWet al
  :XFKXDQ*XL]KRX&KLQD ±QJO 4LXet al
  6DQ-RDTXtQ4UR0H[LFR QJO 7KLVVWXG\'ULQNLQJZDWHU
Table 1.7RWDOPHUFXU\FRQWHQWLQWKHFRPSRQHQWVRIGLIIHUHQWPLQLQJ]RQHVRIWKHZRUOGZHOONQRZQIRU
WKHLUPHUFXU\SURGXFWLRQ
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7RWDO PHUFXU\ FRQFHQWUDWLRQV LQ VHGLPHQWV
YDULHGIURPWRPJNJ7DEOH$FFRUGLQJ
WR WKHREWDLQHGYDOXHV WKHPHUFXU\FRQWHQW LQ
VHGLPHQWV KDV D PHDQ YDOXH DOPRVW HTXDO WR
WKHXSSHU OLPLWRIWKHPHUFXU\FRQFHQWUDWLRQ LQ
IRUHVWVRLOVDQGVOLJKWO\JUHDWHUWKDQWKHPHDQRI
DJULFXOWXUDOVRLOV6HGLPHQWVDUHDQDWXUDOPHDQV
RI WUDQVSRUWDWLRQ RIPHUFXU\ ORDGV FDXVLQJ LWV
GLVSHUVLRQ LQWR WKH GUDLQDJH QHWZRUN 6HYHUDO
DXWKRUV+LQHVet al)HQJDQG4LXet al
 /LQet al SRLQW RXW WKDWPHUFXU\
FRQFHQWUDWLRQVLQVHGLPHQWVWHQGWRGHFUHDVHDV
WKH\DUHIXUWKHUIURPWKHVRXUFHRIFRQWDPLQDWLRQ
DVLVGHPRQVWUDWHGLQ)LJXUH7KHUDQJHRIWRWDO
PHUFXU\FRQFHQWUDWLRQVZDVVLPLODUWRWKDWIRXQG
LQ*XL]KRX&KLQDPJNJEXWORZHU
WKDQWKRVHIRXQGLQWKHPLQLQJGLVWULFWVRI,GULMD
6ORYHQLD  PJ NJ DQG $OPDGHQ
6SDLQPJNJ*RVDUet al
+LJXHUDVet al/LQet al
Total Hg in maize crops
7KH FRQFHQWUDWLRQV RI WRWDO PHUFXU\ LQ WKH
GLIIHUHQW VWUXFWXUHV RI WKH PDL]H SODQWV DUH
VKRZHG LQ 7DEOH  7KH VWUXFWXUHV URRW VWDON
DQGOHDYHVFORVHRWKHPLQHVSUHVHQWHGDKLJKHU
FRQFHQWUDWLRQRIWRWDOPHUFXU\WKDQWKRVHZKLFK
DUH ORFDWHGIDUWKHUIURPWKHPZKLOHWKHUHZDV
QRGLIIHUHQFHLQWKHPDL]HJUDLQ)LJXUH7KH
PD[LPXPFRQFHQWUDWLRQVLQOHDYHVPJ.J) 
DQGLQWKHJUDLQVPJ.JUHVXOWHGKLJKHU
WKDQWKRVHUHSRUWHGE\+Het alEHLQJ
LQ OHDIPJNJDQGLQJUDLQPJNJ
7KHWRWDOPHUFXU\FRQFHQWUDWLRQVIRXQGLQPDL]H
SODQWV  PJ NJ ZHUH JUHDWHU WKDQ
WKRVH IRXQGE\4LXet al  LQ WKHPLQLQJ
DUHD RI QRUWKHDVW *XL]KRX &KLQD 
PJNJ ,QJHQHUDO WKHUHZDVDJUHDWHU WRWDO
PHUFXU\DFFXPXODWLRQ LQURRWVDQG OHDYHVWKDQ
LQVWHPVDQGJUDLQV
Table 2.'HVFULSWLYHVWDWLVWLFRIPHUFXU\FRQWHQW LQPLQHWDLOLQJVDJULFXOWXUDOVRLOV IRUHVWVRLOVDQG
VHGLPHQWVPJNJ
Hydrothermal Skarn Soil + Agricultural Forest Sediments
 tailing tailing Hydrothermal soils soils 
   Tailing
1      
0LQLPXP      
0D[LPXP      
0HDQ      
0HGLDQ      
6WDQGDUG      
'HYLDWLRQ
1 1XPEHURIVDPSOHVWKHPD[LPXPOLPLWHVWDEOLVKHGIRUDJULFXOWXUDOXVHPJNJDQGLQGXVWULDO
XVHPJNJ120
Table 37RWDOPHUFXU\LQPDL]HSODQWVWUXFWXUHVVDPSOHVFROOHFWHGQHDUDQGIDU
IURPWKHPLQHVPJNJ
1 1XPEHURIVDPSOHVWKHPD[LPXPOLPLWHVWDEOLVKHGIRUPDL]HJUDLQPJNJDQGPJNJIRU
DQLPDOIHHG:+2,3&66LHUUDet al  
Near minesa Far from minesb
Roota Stalka Leafa Graina Rootb Stalkb Leafb Grainb
1        
0LQLPXP        
0D[LPXP        
0HDQ        
0HGLDQ        
6WDQGDUG
'HYLDWLRQ        
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3ODQWV DVVLPLODWH RUJDQLF DQG LQRUJDQLF
PHUFXU\ WKURXJK WKHLU UDGLFOH V\VWHP DQG
WUDQVSRUWLWWRWKHIROLDJH+DQVRQet al
$OVR 7HPPHUPDQ et al  LQGLFDWH WKDW
PHUFXU\ DEVRUSWLRQ WKURXJK SODQW URRWV LV
SURSRUWLRQDOWRWKHH[SRVLWLRQFRQFHQWUDWLRQLQWKH
VRLO6WDPHQNRYLFDQG*XVWLQVXJJHVWWKDW
PHUFXU\DEVRUSWLRQLQIROLDJHRFFXUVWKURXJKWKH
VWRPDVDQG WKDW WKHDFFXPXODWLRQ LVSRVLWLYHO\
FRUUHODWHGWRPHUFXU\DWPRVSKHULFFRQFHQWUDWLRQ
$QRWKHU DEVRUSWLRQ PHFKDQLVP KDSSHQV ZLWK
PHUFXU\ GLVVROXWLRQ LQ ZDWHU LQFRUSRUDWLQJ LW
LQWRIROLDUWLVVXH5HDet al$WPRVSKHULF
FRQWDPLQDWLRQ FRXOG EH WKH FDXVH RI PHUFXU\
DFFXPXODWLRQLQPRVWSODQWV3DWUDDQG6KDUPD
7HPPHUPDQet al
7KH ORZHVW PHUFXU\ FRQWHQWV ZHUH IRXQG
LQ WKH JUDLQV JLYHQ WKDW ZKHQ DFKLHYLQJ SODQW
PDWXULW\ DW WKH HQG RI KDUYHVW PHUFXU\
DFFXPXODWLRQ GHFUHDVHV 3DWUD DQG 6KDUPDQ
 7KH FRQFHQWUDWLRQV RI PHUFXU\ LQ WKH
PDL]H JUDLQ UDQJHG IURP  WR PJ NJ
REWDLQLQJKLJKHUYDOXHVWRWKRVHUHSRUWHGE\WKH
:RUOG+HDOWK2UJDQL]DWLRQRIPJNJ)LJXUH
 ZKLFK LV WKH PD[LPXP OLPLW IRU PHUFXU\
FRQWDPLQDWHG IRRG PDNLQJ WKHP XQVXLWDEOH WR
EH VROG IRU KXPDQ FRQVXPSWLRQ ,Q WKH VWXG\
UHJLRQWKHPDL]HSODQWVWDONDQGOHDIDUHXVHGDV
FDWWOH IRUDJH6LHUUDet alPHQWLRQWKDW
WKH(XURSHDQOHJLVODWLRQHVWDEOLVKHVDOLPLWRI
PJNJRIPHUFXU\IRUDQLPDOIHHG,QWKLVZRUN
KLJKHUFRQFHQWUDWLRQVWKDQWKLVOLPLWZHUHIRXQG
HJIRUWKHVWDONPJNJDQGIRUOHDIPJ
NJ%LRDFFXPXODWLRQRIPHUFXU\LQPDL]HFURSV
LVDQHQWUDQFHVRXUFHRIPHUFXU\ LQWR WKH IRRG
FKDLQWKURXJKIROLDJHFRQVXPSWLRQE\FDWWOHRU
JUDLQVE\KXPDQV5RWKHQEHUJet al
7KH UHVXOWV VKRZ WKDW URRWVDQG IROLDJHZHUH
PRUH VXVFHSWLEOH WR PHUFXU\ DFFXPXODWLRQ WKH
IRUPHU EHFDXVH RI WKH H[SRVLWLRQ H[LVWLQJ ZLWK
PHUFXU\FRQFHQWUDWLRQLQWKHVRLODQGWKHVHFRQG
GXHWRWKHDWPRVSKHULFPHUFXU\+RZHYHU0ROLQDet 
alDQG7HPPHUPDQet alSRLQWRXW
WKDW ELRDFFXPXODWLRQ GHSHQGV RQ WKH DEVRUSWLRQ
PHFKDQLVP RI HDFK SODQW VSHFLHV 7KLV ZRXOG
H[SODLQZK\LQVRPHFDVHVWKHDEVRUSWLRQUDWHLV
FRQVWDQWDQGLQGHSHQGHQWRIPHUFXU\FRQFHQWUDWLRQ
LQWKHVRLOWKDWWKHUH LVQRUHODWLRQVKLSEHWZHHQ
PHUFXU\ FRQWHQW LQ WKH VRLO DQG LQ WKHSODQW RU
WKDWWKHELRDFFXPXODWLRQRIPHUFXU\LQWKHSODQW
GRHVQRWLQFUHDVHHYHQLIPHUFXU\FRQFHQWUDWLRQLQ
WKHHQYLURQPHQWLQFUHDVHV
Figure 6. 'LDJUDPRIPHUFXU\FRQWHQWLQPDL]HSODQWV
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Total Hg in rainwater
7KHUHPRYDORIDFRQWDPLQDQWIURPWKHDWPRVSKHUH
FDQKDSSHQWKURXJKSUHFLSLWDWLRQZHWGHSRVLWLRQ
RU E\ GU\ GHSRVLWLRQ 'XFH et al  7RWDO
PHUFXU\FRQFHQWUDWLRQVLQUDLQZDWHUUDQJHGIURP
WRJOZLWKDPHDQJOJO
FRUUHVSRQGLQJWRWKHLQVROXEOHIUDFWLRQDQGJO 
WRWKHVROXEOHIUDFWLRQ7DEOHDQG)LJXUH7KLV
DJUHHVZLWK.RFPDQet alVLQFHPHUFXU\
MRLQHGZLWKDWPRVSKHULFSDUWLFOHVUHSUHVHQWVRYHU
RIWKHWRWDOPHUFXU\LQWKHGHSRVLWLRQDQGWKH
UHPDLQLQJSDUWLVGLVVROYHGLQUDLQZDWHU7KLVFRXOG
VXJJHVW WKDW WKH SDUWLFOHV GUDJJHG E\ ZLQG DUH
WKHPDLQPHFKDQLVPRIDWPRVSKHULFGHSRVLWLRQRI
PHUFXU\LQWKHVWXG\DUHD
'XFH DQG +RIIPDQ  FRQFOXGHG WKDW
SDUWLFOH UHPRYDOE\ UDLQ LVDSSUR[LPDWHO\ WZLFH
WKDW RI GU\ GHSRVLWLRQ *XR et al  DQG
.RFPDQet alUHSRUWFRQFHQWUDWLRQVIURP
 WR  QJ O DQG  WR  QJ O WRWDO
PHUFXU\ LQ WKH UDLQIDOO RI PLQLQJ ]RQHV EHLQJ
ORZHUWKRVHIRXQGLQWKLVVWXG\7KLVEHKDYLRULV
GXHWRWKHIDFWWKDWWKHVDPSOHVZHUHFROOHFWHG
LQ  WR  UDLQ HYHQWV LQYROYLQJ D KLJKHU
DFFXPXODWLRQRISDUWLFXODWHPDWHULDOFRPLQJIURP
ZLQG HURVLRQ 7KH VDPSOLQJ VLWHV FORVH WR WKH
PLQHVDQGWKHZLQGUHJUHVVLYHWUDMHFWRULHVDW
PKHLJKWLQGLFDWHWKDWWKHDLUPDVVHVFDQGUDJ
WKHSDUWLFOHVIURPWKHPLQHWDLOLQJVWUDQVSRUWLQJ
DQGGHSRVLWLQJWKHPWKXVFDXVLQJWKHVRLOVWREH
HQULFKHGZLWKWKLVSROOXWDQW)LJXUH
.RFPDQet al  REVHUYHG DQ LQFUHDVH
LQPHUFXU\FRQFHQWUDWLRQLQWKHUDLQIDOOVDPSOHV
GXHWR WKHSUHVHQFHRIFLQQDEDUSDUWLFOHVDVD
UHVXOWRIHROLDQHURVLRQRIWKHVXUIDFHVFRQWDLQLQJ
FLQQDEDULQWKHDUHD1RWZLWKVWDQGLQJWKHSDU
WLFOHVDHURVROVDUHQRWXQLIRUPO\GLVWULEXWHGLQ
WKHDWPRVSKHUHQHLWKHUVSDWLDOO\QRUWHPSRUDOO\
7KLVRULJLQDWHVGLIIHUHQFHVLQPHUFXU\GHSRVLWLRQ
ZKLFKFRXOGH[SODLQWKHYDULDWLRQVLQWKHPHUFXU\
FRQFHQWUDWLRQLQHDFKUDLQHYHQW
7KHUHVXOWVLQWKLVVWXG\DUHLQDJUHHPHQWZLWK
WKRVHUHSRUWHGE\*XRet alZKRIRXQG
DSRVLWLYHFRUUHODWLRQEHWZHHQSUHFLSLWDWLRQDQG
PHUFXU\ FRQFHQWUDWLRQ HVWDEOLVKLQJ WKDW LQ WKH
UDLQ\VHDVRQWKHUHLVDJUHDWHUZHWGHSRVLWLRQRI
PHUFXU\7KHFOLPDWLFDQGRURJUDSKLFFRQGLWLRQV
RI WKH UHJLRQ IDYRU FKDQJHV LQ KXPLGLW\
WHPSHUDWXUH DQG VRODU UDGLDWLRQ FDXVLQJ KLJK
PHUFXU\YRODWLOL]DWLRQLQODQGV\VWHPV*XVWLQet 
al-RKQVRQet alZKLFKFRXOGEH
FRQWULEXWLQJWRWKHFRQFHQWUDWLRQVRIDWPRVSKHULF
PHUFXU\
Hg in air
*DVHRXVHOHPHQWDOPHUFXU\LVWKHPDLQFKHPLFDO
PHUFXU\ VSHFLHV UHOHDVHG LQWR WKHDWPRVSKHUH
LW LV FKDUDFWHUL]HG IRU EHLQJ YHU\ VWDEOH DQG
KDYLQJORZZDWHUVROXELOLW\LWYRODWLOL]HVDWURRP
WHPSHUDWXUH DQG LV UHODWLYHO\ LQHUW WR FKHPLFDO
UHDFWLRQV ZLWK RWKHU DWPRVSKHULF FRPSRQHQWV
,WVUHVLGHQFHWLPHLVDERXWRQH\HDUVRRQFHLWLV
UHOHDVHGWRWKHDWPRVSKHUHLWFDQEHGLVSHUVHG
RU WUDQVSRUWHG WR JUHDWHU GLVWDQFHV EHIRUH
EHLQJUHGHSRVLWHGLQWKHWHUUHVWULDODQGDTXDWLF
HFRV\VWHPV6FKURHGHUDQG0XQWKH
7KH FKHPLFDO UHDFWLRQV DQG WKH SDUWLWLRQLQJ
RIPHUFXU\ LQ JDV DQG DTXHRXV SKDVHV DSSHDU
WR GHWHUPLQH PHUFXU\ UHVLGHQFH WLPHV LQ WKH
DWPRVSKHUH DQG LWV GHSRVLWLRQ DW YDULRXV
ODWLWXGHV *UDQGMHDQ  .RFPDQ et al
PHQWLRQWKDWPHUFXU\VSDFHGLVWULEXWLRQ
GHSHQGVRQZLQGFRQGLWLRQVGLUHFWLRQYHORFLW\
RQ WKH RWKHU KDQG WKH HPLVVLRQV RI PHUFXU\
RI WKH FRQWDPLQDWHG VXUIDFHV GHSHQG RQ
WHPSHUDWXUH %RHQLQJ  PHQWLRQV WKDW
WKH HQYLURQPHQWDO YDULDEOHV VXFK DV S+ UHGR[
SRWHQWLDOZDWHUFKHPLFDOFRPSRVLWLRQVRLOW\SH
DQGJHRORJ\DIIHFWPHUFXU\DEVRUSWLRQ
0HDVXUHPHQWV RI WRWDO JDVHRXV PHUFXU\
7*0LQWKHDLUDUHVKRZQLQ7DEOH7KHGDLO\
DYHUDJH GXULQJ WKH  GD\V RIPHDVXULQJ ZDV
 QJ P  PDLQO\ UDQJLQJ EHWZHHQ  DQG
 QJP )LJXUH :KHQ FRPSDULQJ WKHVH
FRQFHQWUDWLRQVZLWKWKRVHUHSRUWHGE\*UDQGMHDQ
LQUHPRWHDUHDVRIQJPLQZLQWHU
DOORZVWRREVHUYHWKHDPRXQWRIYRODWLOL]DWLRQWKDW
H[LVWVZLWKLQWKHVWXG\DUHD:+2,3&6
LQGLFDWH WKDW WKHPHUFXU\ OHYHOV LQDLU DUH LQD
UDQJHRIQJP7KHPHUFXU\YDOXHVIURP
WRQJPREWDLQHGLQWKLVVWXG\LQGLFDWH
WKDWWKH6DQ-RDTXtQSRSXODWLRQLVH[SRVHGWRD
KLJKFRQFHQWUDWLRQRIPHUFXU\ LQ WKHDLUZKLFK
FDQEHDKHDOWKKD]DUG
,QJHQHUDOWKHFRQFHQWUDWLRQVRIPHUFXU\LQ
WKH DLUZLWKLQ WKHPLQLQJ SRSXODWLRQV RI ,GULMD
6ORYHQLD  QJ P *XL]KRX &KLQD 
QJPDQG6DQ-RDTXtQQJPDUHORZHU
WKDQ WKRVH UHSRUWHG IRU DUHDV ZKHUH FLQQDEDU
ZDV PHOWHG WR SURGXFH PHUFXU\ JHWWLQJ WR
FRQFHQWUDWLRQV IURP  WR  QJ P 
+LJXHUDV et al  :DQJ et al 
.RFPDQet al7KHPD[LPXPYDOXHRI
QJPREVHUYHGLQWKH6DQ-RDTXtQFRPPXQLW\LV
KLJKHUWKDQWKHYDOXHUHSRUWHGIRUWKHSRSXODWLRQ
RI$OPDGHQ6SDLQQJP
Hg in drinking water
7KHIRUPVRIPHUFXU\LQGULQNLQJZDWHUDUHQRW
ZHOO VWXGLHG EXW WKH PHUFXULF LRQ LV SUREDEO\
WKHSUHGRPLQDQWVSHFLHVSUHVHQW LQFRPSOH[HV
DQG FKHODWHV ZLWK OLJDQGV )URP WKH LQJHVWLRQ
RIGULQNLQJZDWHU D VPDOO IUDFWLRQ LV DEVRUEHG
$OWKRXJK WKH H[LVWHQFH RI PHWKLOPHUFXU\ KDV
EHHQSRLQWHGRXWLQGULQNLQJZDWHUXQGHUFHUWDLQ
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Table 4.'HVFULSWLYHVWDWLVWLFRIPHUFXU\FRQWHQWLQUDLQZDWHUDLUDQGGULQNLQJZDWHU
Figure 7.'LDJUDPRIPHUFXU\FRQWHQWLQUDLQZDWHUDLUDQGGULQNLQJZDWHU
Rainwater Air Drinking water
 (Pg l-1) (ng m-3) (ng l-1)
 6ROXEOH ,QVROXEOH 6ROXEOH,QVROXEOH 
1     
0LQLPXP     
0D[LPXP     
0HDQ     
0HGLDQ     
6WDQGDUG     
'HYLDWLRQ
1 1XPEHURIVDPSOHVWKHPHUFXU\OHYHOVLQDLUDUHLQDUDQJHRIWRQJP:+2,3&6
WKHPD[LPXPOLPLWHVWDEOLVKHGIRUGULQNLQJZDWHUPJO E\WKH120DQGǋJOE\WKH
:+2,3&6
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FRQGLWLRQV LWV SUHVHQFH LV FRQVLGHUHG XQXVXDO
HQRXJK81(30HWK\OPHUFXU\LVWKHUHVXOW
RI WKHPHWK\ODWLRQRI LQRUJDQLFPHUFXU\E\WKH
PLFURRUJDQLVPV WKDW DUH SUHVHQW LQ IUHVKZDWHU
DQG VDOWZDWHU ERGLHV WKLV PHWK\OPHUFXU\
SURGXFHG LV FDSDEOH RI HQWHULQJ WKH DTXDWLF
IHHGLQJFKDLQDQGFDQEHELRDFFXPXODWHGZLWKLQ
WKHPXVFXODUWLVVXHVRI¿VK0DVRQet al
7KHWRWDOPHUFXU\FRQFHQWUDWLRQVLQGULQNLQJ
ZDWHU UDQJHG IURP  WR  QJ O 7DEOH 
DQG )LJXUH  7KHVH FRQWHQWV DUH EHORZ WKH
PD[LPXPOLPLWPJOHVWDEOLVKHGE\WKH
120DQGWKH:+2,3&6JXLGHOL
QHYDOXHRIǋJO7KLVLQGLFDWHVWKDWWKHUHLV
QRSUREOHP LQ LWV XVH IRU KXPDQ FRQVXPSWLRQ
*UDQGMHDQ  PHQWLRQV WKDW LQ GULQNLQJ
ZDWHU WKH PHUFXU\ FRQFHQWUDWLRQV DUH XVXDOO\
IURP WR  QJ O EHFRPLQJ DPLQRU SXEOLF
KHDOWKFRQFHUQEXWWKHSUHVHQFHRIPHUFXU\LQ
WKHZDWHUSKDVHLQWKHHQYLURQPHQWFDQOHDGWR
VHULRXVSUREOHPVHJWKHLQWR[LFDWLRQRFFXUUHG
DWWKH0LQDPDWD%D\-DSDQLQDVDUHVXOW
RIWKHLQJHVWLRQRI¿VKFRQWDLQLQJPHWK\OPHUFXU\
FRPLQJ IURP SROOXWHG ZDWHUV +DUDGD 
81(3
7KH YDOXHV REWDLQHG ZHUH ORZHU WKDQ WKRVH
IRXQG LQ WKH VWUHDP ZDWHU RI ,GULMD 6ORYHQLD
QJO*XL]KRX&KLQDQJ
O DQG $OPDGHQ 6SDLQ    QJ O) 
%HU]DV1HYDGRet al+RUYDWet al
4LX et al  7KHVH VWXGLHV SRLQW RXW WKH
SUHVHQFHRIPHUFXU\LQWKHZDWHULQGLFDWLQJKLJK
FRQFHQWUDWLRQV LQDUHDVVXUURXQGLQJDEDQGRQHG
FLQQDEDU PLQHV &DEUHUD9LTXH et al 
VXJJHVW D VWULFW YLJLODQFH RI PHUFXU\ FRQWHQW
LQ GULQNLQJ ZDWHU JLYHQ WKH DOLPHQWDU\ KDELWV
RI KXPDQEHLQJV VLQFH WKH\ FRXOG EH GULQNLQJ
JUHDWDPRXQWVRIZDWHU
Conclusions
7KHKLJKSURGXFWLRQRIPHUFXU\ WKDWKDSSHQHG
LQWKHUHJLRQHVSHFLDOO\ LQWKH¶VDQG¶VRI
WKHODVWFHQWXU\OHIWFRQVLGHUDEOHFRQVHTXHQFHV
RIRSHQDLUPLQH WDLOLQJVDQGZKRVHGLVSHUVLRQ
LV UHÀHFWHG LQ WKHGLPLQLVKLQJRI WKHTXDOLW\ RI
WKH GLIIHUHQW HQYLURQPHQWDO FRPSDUWPHQWV
7KHH[LVWLQJSROOXWLRQLQWKH6DQ-RDTXtQUHJLRQ
GRHVQ¶W UHDFK WKH OHYHOV RI WKH ZRUOG ELJJHU
SURGXFHUV RI PHUFXU\ $OPDGHQ DQG ,GULMD
6ORYHQLD KRZHYHU LW LV VLPLODU WR WKH RQHV
IRXQG LQ RWKHU LPSRUWDQW ZRUOG VHFRQG OHYHO
PLQLQJGLVWULFWVVXFKDV*XL]KRX&KLQD
$UHFXUUHQWSDWWHUQRIPHUFXU\GLVSHUVLRQLQ
WKH ODQGVFDSH LVWKHH[LVWHQFHRIKLJK OHYHOVRI
PHUFXU\LQVRLOVUHODWHGWR]RQHVZLWKDKLJKHU
FRQFHQWUDWLRQ RI PLQH WDLOLQJV LQ ZKLFK WKH
PDQDJHPHQWDQGGH¿FLHQWSURFHVVLQJRIFLQQDEDU
KDYHEHHQDFRQVWDQWVLWXDWLRQ7KHGLVSHUVLRQRI
PHUFXU\LQVRLOVDQGVHGLPHQWVLVFRQWUROOHGE\
WKHGLVWDQFHH[LVWLQJWRWKHPLQHVDQGWKHWHUUDLQ
VORSHWKDWIDYRUVFRQVWDQWHURVLRQWUDQVSRUWLQJ
PHUFXU\WRWKHORZHUSDUWV
2QWKHRWKHUKDQGLWLVIUHTXHQWWRVHHDWD
VKRUWGLVWDQFHIURPWKHPLQHPRXWKVDQGDVDQ
HFRQRPLFDO FRPSOHPHQW WKHH[LVWHQFHRI SORWV
ZLWKPDL]H FURSV SUHGRPLQDQWO\ UHVXOWLQJ WKH
URRWV DQG OHDYHV PRUH VXVFHSWLEOH WR PHUFXU\
DFFXPXODWLRQZKLFK UHVXOWV LQ WKH LQWURGXFWLRQ
RI WKH HOHPHQW LQWR WKH WURSK\F FKDLQ DQG LWV
ELRDFFXPXODWLRQ ZKLFK PHDQV D KLJK ULVN IRU
KXPDQVDQGIDXQD
0HUFXU\ GHSRVLWLRQ LQ WKH UDLQZDWHU LV
HVSHFLDOO\ OLQNHG WR WKH DWPRVSKHULF SDUWLFOHV
WKDW FRPH IURP WKH PHUFXU\ HQULFKHG VRLOV
UHSUHVHQWLQJRI WKHGHSRVLWLRQ WKH UHVW LW
LVIRXQGLQGLVVROYHGIRUP7KHUHH[LVWPHUFXU\
FRQFHQWUDWLRQVLQWKHGULQNLQJZDWHURIWKHVWXG\
DUHDEXWLWGRHVQ¶WUHSUHVHQWDQ\ULVNWRKXPDQ
KHDOWK
7KHSUHVHQFHRIJDVHRXVPHUFXU\FLUFXODWLQJ
LQ WKH DLU DOORZV WR GHGXFH WKDW WKHUH LV D
FRQWLQXRXVYRODWLOL]DWLRQIURPWKHVRLOVHQULFKHG
ZLWK PHUFXU\ 7KHUHIRUH WKH LQKDELWDQWV NHHS
DFRQVWDQWGLUHFWFRQWDFWZLWK WKLVJDV WKURXJK
LQKDODWLRQ7KH OHYHOV IRXQGDW WKH ORFDWLRQDUH
JUHDWHU WKDQ WKH UHSRUWHG VWDQGDUGV 7KHVH
HPLVVLRQV LQÀXHQFH PHUFXU\ DFFXPXODWLRQ E\
PDL]HSODQWV
%DVHGRQWKHSUHYLRXVWKHSRSXODWLRQRI6DQ
-RDTXtQ DQG WKHLU HQYLURQPHQW ERWK SUHVHQW D
FRQVWDQW H[SRVXUH WR WKH SROOXWLRQ RIPHUFXU\
VRLWLVQHFHVVDU\WRNHHSPRQLWRULQJLWLQDORQJ
WHUPWRGHWHUPLQHLWVVFRSH
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